1. Introduction {#sec1-ijms-21-03584}
===============

Coiled-coils are α-helical structural protein motifs that wrap each other into supercoiled helices. They play essential roles as subunits that oligomerize protein complexes involved in biological processes or that form structural elements of biological materials \[[@B1-ijms-21-03584]\]. For example, the basic leucine-zipper proteins, a class of transcription factors, contain coiled-coil motifs that mediate dimerization \[[@B2-ijms-21-03584]\], which influences biochemical functions such as gene regulation in diverse species \[[@B3-ijms-21-03584]\]. Tropomyosin, a regulator of the actin cytoskeleton, polymerizes along actin filaments \[[@B4-ijms-21-03584]\], and the coiled-coil stiffness and stability are associated with muscle functioning \[[@B5-ijms-21-03584]\]. Beyond such essential biological roles of coiled-coils, understanding their molecular basis has been sought over the past three decades. The sequences, structures, and interactions of coiled-coils have been studied extensively and well documented in many reviews \[[@B6-ijms-21-03584],[@B7-ijms-21-03584],[@B8-ijms-21-03584],[@B9-ijms-21-03584],[@B10-ijms-21-03584]\]. In brief, the sequence-to-structure relationships are described that hydrophobic and polar amino acid residues are patterned in a repeat of seven residues ([Figure 1](#ijms-21-03584-f001){ref-type="fig"}). The heptad repeats of coiled-coils are labeled *abcdefg*, which are indicated in a helical wheel diagram that denotes the top view of helices. A helical diagram of a typical dimeric coiled-coil shows that hydrophobic amino acid residues are placed in the positions of *a* and *d*, while polar residues are in the positions of *e* and *g*. The hydrophobic-polar patterns of amino acid residues at the interface between coiled-coils directly influence the interaction between the helices. The number of helices of a coiled-coil (e.g., dimeric, trimeric, or tetrameric) is decided by packing in the hydrophobic core at the positions of *a* and *d*.

In addition to this well-understood molecular basis, expanded availability of experimental datasets has facilitated methodological advancements for the de novo design of synthetic coiled-coil sequences. Rational \[[@B12-ijms-21-03584],[@B13-ijms-21-03584],[@B14-ijms-21-03584]\], computational \[[@B15-ijms-21-03584],[@B16-ijms-21-03584],[@B17-ijms-21-03584],[@B18-ijms-21-03584],[@B19-ijms-21-03584],[@B20-ijms-21-03584]\], or combined approaches \[[@B21-ijms-21-03584]\] have been used to design highly versatile coiled-coil toolkits. For example, synthetic coiled-coils with controlled binding affinity \[[@B22-ijms-21-03584],[@B23-ijms-21-03584]\], specificity \[[@B10-ijms-21-03584],[@B15-ijms-21-03584],[@B16-ijms-21-03584],[@B17-ijms-21-03584]\], helix orientation \[[@B18-ijms-21-03584]\], and oligomeric state \[[@B14-ijms-21-03584],[@B21-ijms-21-03584]\] have been designed. Such controls have significantly improved the utility of coiled-coils as tags or subunits that directed self-assembly of engineered molecular complexes, which modulate physical and biological processes in a range of applications. Recent reviews summarize applications of coiled-coils in broad fields, which include synthetic biology \[[@B24-ijms-21-03584]\], medicine \[[@B25-ijms-21-03584]\], and material sciences \[[@B9-ijms-21-03584]\].

This review focuses on the bottom-up creation of supramolecular nanostructures using coiled-coils. As self-assembling modules, coiled-coils mediate connections between protein building blocks that self-assemble into higher-order nanostructures. In such systems, coiled-coils are modularly combined or modified to direct assembly into desired shapes and morphologies. The type of coiled-coil-based nanostructures ranges from unbounded fibers \[[@B26-ijms-21-03584],[@B27-ijms-21-03584]\] and tubes \[[@B28-ijms-21-03584],[@B29-ijms-21-03584]\] to well-defined polygons \[[@B30-ijms-21-03584],[@B31-ijms-21-03584]\] and polyhedrons \[[@B32-ijms-21-03584],[@B33-ijms-21-03584]\]. Whereas many reviews are well documented about the sequences, interactions, and structures of coiled-coils, the essential basis for modular design of nanostructures or related fundamentals has not been discussed much yet. In this review, I will discuss the design principles as well as the structural features found in recently developed nanostructures, which are categorized as unbounded nanostructures, discrete nanoparticles, and well-defined origami nanostructures. A discussion on challenges existing in design and perspectives on applications follows.

2. Modular Design Principles {#sec2-ijms-21-03584}
============================

The specific associations between coiled-coils in various types (e.g., homo- or heterodimeric, dimeric or oligomeric, parallel or antiparallel) have been exploited to direct assembly of protein nanostructures. Assembling diverse supramolecular nanostructures requires at least two distinct protein--protein contacts between building blocks, as discussed in a review by Yeates et al. \[[@B34-ijms-21-03584]\]. However, a coiled-coil has only a single-type interface that mediates the formation of a helical bundle of two or up to several helices, as illustrated in [Figure 1](#ijms-21-03584-f001){ref-type="fig"}b. The outer surface or the N- or C-terminus of coiled-coils are stable. Thus, building nanostructures other than rod-like helical bundles, the intrinsic structures of coiled-coils, cannot be achieved. It requires a strategic variation of coiled-coil sequences. For converting coiled-coils into self-assembling building blocks, coiled-coils have been combined or modified in a modular fashion. In this section, I will discuss the strategies to combine or modify coiled-coils for programed coiled-coil assembly and the underlying basis for the modular design of various nanostructures.

One of the approaches to the variation of coiled-coils is a fusion of distinct coiled-coil interfaces. When a coiled-coil forming helix is fused with other helices that have different interfaces, the resulting building block can have at least two distinct contacts ([Figure 2](#ijms-21-03584-f002){ref-type="fig"}). In the fusion, amino acid sequences of coiled-coils are put together as a single chain, so that coiled-coils are linked through their N- or C-termini. That way, a building block is designed to be connected through the introduced coiled-coil interfaces, leading to the formation of a supramolecular structure. Short linker sequences are placed between the linked coiled-coil sequences if the spacing is required. Once amino acid sequences are designed, protein building blocks are prepared by the expression of recombinant DNA \[[@B30-ijms-21-03584],[@B32-ijms-21-03584]\] or chemical synthesis \[[@B31-ijms-21-03584],[@B35-ijms-21-03584]\]. Recombinant expression provides advantages of high yield and flexibility in the length of fusion proteins, while chemical synthesis is fast and relatively simple but limits the production of peptides longer than about 50 amino acids. Additionally, chemical synthesis enables the incorporation of unnatural amino acid or backbone modification, which provides more opportunities for modification of coiled-coils. Chemical conjugation of synthesized coiled-coils (e.g., via disulfide bonds) is also used to combine coiled-coil interfaces into a single building block \[[@B35-ijms-21-03584]\]. Although this approach requires additional chemical reaction and purification steps, the "side-to-side" linking of coiled-coils through the outer surfaces can be achieved. In contrast, genetic fusion only enables the "end-to-end" linking through the N- and C-termini.

The way multiple coiled-coils are combined critically influences relative orientations of coiled-coil interfaces. It further dictates the morphologies of resulting nanostructures ([Figure 2](#ijms-21-03584-f002){ref-type="fig"}). While the type of coiled-coil interfaces (e.g., dimeric or trimeric) decides the number of chains that are bound at each contact, the angles between adjacent coiled-coil interfaces are controlled by strategic linkage of coiled-coils. For example, the angle between two heterodimeric coiled-coils was controlled approximately from 15° to 100° by the linker sequences, which decided the number of assembled subunits to be 2, 3, 4 or significantly large numbers \[[@B31-ijms-21-03584]\]. As a result, nanostructures in various morphologies, such as polygonal shapes, fibers, or spheres, were assembled from identical pairs of coiled-coils that were flanked by linker sequences in different lengths. Intramolecular disulfide bridges between coiled-coils were also used to specify their relative orientations for self-assembly of a polyhedral nanoparticle \[[@B36-ijms-21-03584]\]. In a different approach, chemical conjugation to the outer surfaces of trimeric and dimeric coiled-coils resulted in a wedge-shape assembly of coiled-coils. The angle between the trimers was \~10°, resulting in a curved membrane-like structure that was closed into a cage \[[@B35-ijms-21-03584]\]. The angle can also be controlled to be \~180° by co-directional alignment. It led to the formation of fibers, where two distinct coiled-coil interfaces were linked together with no \[[@B26-ijms-21-03584]\] or two-residue linker sequences \[[@B31-ijms-21-03584]\], followed by longitudinal assembly.

In addition to engineering the linkage between coiled-coils, more strategies have been developed to orient coiled-coils in specific ways ([Figure 2](#ijms-21-03584-f002){ref-type="fig"}). For example, the systematic design of topologies of linked coiled-coils enabled "origami" of polygonal \[[@B30-ijms-21-03584]\] or polyhedral nanostructures \[[@B32-ijms-21-03584],[@B33-ijms-21-03584]\]. In this strategy, termed coiled-coil protein origami (CCPO), orientations of coiled-coils were precisely controlled by specific intra- or intermolecular dimerization of multiple distinct coiled-coils, which were arranged into the designed topologies. Other strategies include the introduction of non-covalent interactions to coiled-coils. Modification of coiled-coils with charged residues on the N- or C-termini enabled co-directional alignment of the helices \[[@B28-ijms-21-03584]\]. The charged coiled-coils were extended in the longitudinal direction, leading to the formation of fibers and tubes. Lastly, non-coiled-coil domains were genetically fused to coiled-coils as fusion partners to orient coiled-coil interfaces. Hydrophobic peptides, symmetrically oligomerizing protein folds, or protein-polymer conjugates were combined with coiled-coils to direct the formation of polyhedral nanoparticles \[[@B37-ijms-21-03584]\], vesicles \[[@B38-ijms-21-03584]\], or ordered arrays \[[@B39-ijms-21-03584]\], respectively.

Experimental validation of the modular nanostructure design is critical and done through structural characterization. Several characterization techniques have been used, depending on the structure type and resolution. Transmission electron microscopy (TEM) or scanning electron microscopy (SEM) was used to visualize nanoscale morphologies of the networks \[[@B40-ijms-21-03584]\], fibers \[[@B27-ijms-21-03584]\], tubes \[[@B41-ijms-21-03584]\], cages \[[@B35-ijms-21-03584],[@B42-ijms-21-03584]\], vesicles \[[@B38-ijms-21-03584],[@B43-ijms-21-03584]\], and polyhedrons \[[@B36-ijms-21-03584],[@B37-ijms-21-03584],[@B44-ijms-21-03584]\]. Also, atomic force microscopy (AFM) was used to characterize the CCPO nanostructures \[[@B30-ijms-21-03584],[@B32-ijms-21-03584]\]. Although these techniques are not enough to provide atomic-level details, orientations of coiled-coils within the nanostructures were further confirmed by other bioassays \[[@B38-ijms-21-03584],[@B42-ijms-21-03584],[@B43-ijms-21-03584],[@B45-ijms-21-03584]\]. Cryo-TEM, or in combination with X-ray diffraction or scattering, was used to generate molecular models that showed folding, packing, or orientations of coiled-coils \[[@B27-ijms-21-03584],[@B29-ijms-21-03584]\]. Solution small-angle X-ray scattering (SAXS) is also a powerful technique to build structural models. Comparative structure models are generated from the well-established sequence-to-structure relationships of coiled-coils, followed by fitting to experimental SAXS data. Structural details of the CCPO polygon \[[@B30-ijms-21-03584]\] or polyhedrons \[[@B33-ijms-21-03584]\], including orientation of coiled-coils, were obtained by generating structural modeling and SAXS fitting.

Overall, the principles of modular design strategies used for a variety of self-assembled nanostructures are summarized as follows: Variation of coiled-coils are required in strategic ways that (1) introduce enough connection contacts and that (2) control orientation of coiled-coil interfaces to direct self-assembly into target geometries. In the following sections, I will highlight recent advances of coiled-coil-based nanostructures in three different categories based on their length scales and structural features: (1) unbounded nanostructures, (2) discrete nanoparticles, and (3) well-defined origami nanostructures. Details of building blocks and applied design strategies are summarized in [Table 1](#ijms-21-03584-t001){ref-type="table"}.

3. Supramolecular Nanostructures Built from Coiled-Coils {#sec3-ijms-21-03584}
========================================================

3.1. Unbounded Nanostructures {#sec3dot1-ijms-21-03584}
-----------------------------

As discussed in the section of the modular design principles, the control over coiled-coil orientations is essential for programming connections between building blocks into desired geometries. Depending on orientational controls, a significantly large number of building blocks can be connected to unbounded structures. The examples include inter-connected networks in the form of hydrogels \[[@B46-ijms-21-03584],[@B47-ijms-21-03584]\], one-dimensional bundles that grow into fibers \[[@B27-ijms-21-03584],[@B31-ijms-21-03584]\] and tubes \[[@B28-ijms-21-03584]\], and ordered arrays at the nanoscale \[[@B39-ijms-21-03584]\].

Inter-connected networks were built from coiled-coil fragments linked by a soluble and flexible polypeptide midblock \[[@B46-ijms-21-03584],[@B47-ijms-21-03584]\]. It is a polyelectrolyte artificial peptide segment, which was flanked by coiled-coils that oligomerized and mediated reversible physical crosslinking ([Figure 3](#ijms-21-03584-f003){ref-type="fig"}a). The inter-connected networks appeared to be sheet-like nanostructures in the hydrogels \[[@B40-ijms-21-03584]\]. The physical crosslinking can be controlled in response to changes in temperature or pH \[[@B46-ijms-21-03584],[@B47-ijms-21-03584]\], denaturing agents \[[@B47-ijms-21-03584]\], or even electric current \[[@B50-ijms-21-03584]\], which influences thermal stabilities and self-assembling properties of the hydrogels. Programming the mechanical properties was also achieved by changing molecular interactions between the network-forming coiled-coil fusion proteins. For example, erosion rates of hydrogels were tuned by engineering the affinity, oligomerization state, and orientation of the coiled-coil domains \[[@B51-ijms-21-03584]\]. Also, the addition of covalent crosslinking to the protein networks led to time-dependent responses of the hydrogels to mechanical deformation \[[@B52-ijms-21-03584]\]. Single-site mutations in the coiled-coil sequences further programmed the dynamic behavior of the protein network \[[@B53-ijms-21-03584]\]. Such programmable mechanical properties provide opportunities to improve toughness and fracture resistance \[[@B52-ijms-21-03584]\].

Unbounded one-dimensional nanostructures were assembled by the co-directional alignment of coiled-coils ([Figure 3](#ijms-21-03584-f003){ref-type="fig"}b). The Woolfson group first designed coiled-coil fibers by placing heterodimeric coiled-coils in a staggered conformation \[[@B26-ijms-21-03584]\]. In the design, two coiled-coil helices form a dimer that has unbound sticky ends, not blunt. Thus, assembly through the sticky ends aligned the combined coiled-coil interfaces co-directionally, followed by promoting longitudinal growth. These fiber-forming heterodimeric coiled-coils were further modified by rational mutations that introduced charged residues to the outer surfaces, which thickened the fibers \[[@B27-ijms-21-03584]\]. Transmission and electron microscopy and x-ray fiber diffraction revealed hexagonal packing with a periodicity of the length of a single coiled-coil. Coiled-coils were packed along the nanometer-thick (\>50 nm) and micrometer-long (\>10 µm) fibers. The fiber-forming coiled-coils were also redesigned to create hydrogels \[[@B48-ijms-21-03584]\]. The charged amino acid residues at the characteristic positions *b*, *c*, or *f* (described in [Figure 1](#ijms-21-03584-f001){ref-type="fig"}a) were replaced with the residues with weaker interactions, such as alanine or glutamine, resulting in flexible bundles of thinner and interconnected fibers. Regarding the stability of these fibers, a helix-to-sheet transformation in the structures at temperatures between 20 and 40 °C was recently reported \[[@B54-ijms-21-03584]\].

Coiled-coils with blunt ends were also redesigned to form one-dimensional nanostructures ([Figure 3](#ijms-21-03584-f003){ref-type="fig"}b). Complementary charges were introduced to the N- and C-termini of homotrimeric or homotetrameric coiled-coils and the charged blunt ends promoted longitudinal assembly into helical bundles \[[@B28-ijms-21-03584]\]. In contrast to the assembly through the sticky ends, the weak charge interactions at the blunt ends were sufficient for fiber assembly. Using this approach, pentameric, hexameric, and heptameric coiled-coil barrels were redesigned for assembly of nanotubes \[[@B28-ijms-21-03584],[@B49-ijms-21-03584]\]. In the designs, symmetries of the coiled-coils were critical for their packing into ordered tubular suprastructures. Similarly, hollow tubes with diameters ranging from a few hundred nanometers to a micron were assembled from blunt-ended coiled-coils \[[@B41-ijms-21-03584]\]. An isoleucine-rich trimeric coiled-coil was designed by mutations of a natural dimeric coiled-coil GCN4. The coiled-coil was arranged into a hexagonal packing that was stacked and closed into a long hollow suprastructures. In a different approach, heptameric coiled-coils with terminal structures in a lock-washer shape were designed \[[@B29-ijms-21-03584]\]. The shape-complementary charge interactions mediated the end-to-end association of the heptamers that elongated into nanotubes.

Protein arrays with orders at the nanometer scale were fabricated using building blocks containing coiled-coils. While conjugated hybrids of proteins and poly(N-isopropylacrylamide) (PNIPAM) have been developed to assemble ordered nanostructures \[[@B55-ijms-21-03584],[@B56-ijms-21-03584]\], properties of the conjugated proteins were critical to achieving strong ordering \[[@B57-ijms-21-03584]\]. To improve the ordering quality, heterodimeric coiled-coils were fused to a weakly ordering protein, followed by conjugation to PNIPAM ([Figure 3](#ijms-21-03584-f003){ref-type="fig"}c) \[[@B39-ijms-21-03584]\]. Protein arrays assembled from the coiled-coil protein--polymer conjugates displayed lamellar or hexagonal ordered phases, and an improvement in ordering quality was achieved. The nanostructured protein arrays showed enhancement in performance as a biosensor. In a different strategy, ordered arrays in the form of three-dimensional crystals were assembled using coiled-coils modified with metal-ion-binding ligands \[[@B58-ijms-21-03584]\]. Assembly of hexagonal arrays in discs or rods were mediated by binding interactions between metal ions and the conjugated ligands. Site-specific incorporation of guest molecules into the coiled-coil-ordered crystals was also demonstrated.

3.2. Discrete Nanoparticles {#sec3dot2-ijms-21-03584}
---------------------------

When the relative orientation of coiled-coil interfaces in a designed protein building blocks is controlled to be within a specific range, closure of coiled-coil assemblies into discrete nanoparticles can be achieved ([Figure 2](#ijms-21-03584-f002){ref-type="fig"}). In such a system, called the self-assembled cage-like particles (SAGEs), curved membrane-like structures were assembled by laterally aligned coiled-coils ([Figure 4](#ijms-21-03584-f004){ref-type="fig"}a) \[[@B35-ijms-21-03584]\]. The SAGE system used a set of heterodimeric and homotrimeric coiled-coils that were conjugated via disulfide bonds. The strategic bridging conjugation controlled the angle between the adjacent coiled-coils. Two bridged complementary building blocks were present as trimeric complexes, which formed unilamellar structures with a curvature when mixed. The curved lamellar became closed into spherical particles with a diameter of around 100 nm \[[@B35-ijms-21-03584]\]. The location of the disulfide bridges was in the middle of the outer surface of coiled-coils, but slightly close to the C-termini. Influenced by a positive charge, the angle between the bridged coiled-coil interfaces was around 33.9° ± 17.2°, according to molecular dynamics simulations. The combination of trimeric and dimeric coiled-coils formed hexagonal networks ([Figure 4](#ijms-21-03584-f004){ref-type="fig"}a), evidenced by characterization using the lateral molecular-force microscopy \[[@B35-ijms-21-03584]\]. Further structural characterization of charge-modified SAGEs after SAGE-templated silicification revealed the presence of both hexagonal and irregular networks on the surface of SiO~2~-SAGEs \[[@B59-ijms-21-03584]\]. Modeling results also indicated that hexagonally arranged packing is not the most stable form \[[@B60-ijms-21-03584]\].

Decoration of SAGEs for applications was achieved by genetic fusion with various peptides or natural proteins. For a controlled delivery of SAGEs into cells, the homotrimeric coiled-coil hub was extended with short charged peptides that enabled alteration of cellular internalization \[[@B61-ijms-21-03584]\]. More functionalities were added to SAGEs by modular decoration with various globular proteins \[[@B42-ijms-21-03584]\]. Green fluorescent protein (GFP), monomeric Cherry fluorescent protein (mCherry), maltose-binding protein, and a luciferase enzyme, were fused to the N- or C-termini of the trimeric coiled-coil hub. In a similar design, an antigen epitope was incorporated into SAGEs, which showed enhanced immunogenicity as protein nanoparticle vaccine delivery \[[@B62-ijms-21-03584]\].

Hollow protein spheres that resemble vesicles were created by genetic fusion of coiled-coils to other types of protein motifs \[[@B38-ijms-21-03584]\]. A heterodimeric coiled-coil Z~E~:Z~R~ \[[@B12-ijms-21-03584]\] (a colon denotes coiled-coil dimerization) were fused to either an elastin-like polypeptide (ELP) or globular protein domains, like mCherry or enhanced GFP ([Figure 4](#ijms-21-03584-f004){ref-type="fig"}b). ELPs are intrinsically disordered peptides that undergo an inverse phase transition from soluble to insoluble conformations, which served as a temperature-responsive hydrophobic block. Globular domains and coiled-coils are hydrophilic and folded into globular or rod shapes, which controlled geometries of the fusion proteins and modulated molecular packing. Since Z~R~ also forms a homodimer with a weaker binding affinity, non-equimolar mixtures of the fusion proteins resulted in rod-coil and globule-rod-coil amphiphiles. Triggered by the inverse phase transition of the ELP domain, hollow protein vesicles were assembled. An empty cavity enclosed by the laterally assembled protein amphiphiles was characterized using confocal microscopy as well as SEM \[[@B38-ijms-21-03584]\]. The curvature of the vesicular membrane was precisely controlled by the relative ratio of the rod-coil and globule-rod-coil protein complexes. Small-angle neutron scattering revealed that the vesicle is unilamellar with a thickness of \~10 nm, and more experimental conditions were explored for a transition to bilamellar structures \[[@B43-ijms-21-03584]\].

Polyhedral nanoparticles were created by aligning coiled-coil interfaces into symmetric geometries ([Figure 4](#ijms-21-03584-f004){ref-type="fig"}c). In a system, termed self-assembling peptide nanoparticle (SAPN), pentameric and trimeric coiled-coils were linked to one another by a double-glycine linker \[[@B36-ijms-21-03584],[@B63-ijms-21-03584]\]. An intramolecular disulfide bridge near the linker specified their relative orientations into dodecahedral or icosahedral geometry. This system has been further improved by decoration with various antigen epitopes for the development of protein nanoparticle vaccines. The SAPN vaccines were capable of displaying repetitive epitopes \[[@B64-ijms-21-03584],[@B65-ijms-21-03584]\] or eliminating the need for adjuvants \[[@B66-ijms-21-03584]\]. Versatility of the SAPN-based vaccines was demonstrated against influenza \[[@B67-ijms-21-03584]\], HIV \[[@B68-ijms-21-03584],[@B69-ijms-21-03584]\], and malaria \[[@B66-ijms-21-03584],[@B70-ijms-21-03584]\].

The alignment of coiled-coil interfaces into symmetric geometry was also achieved by the genetic fusion of coiled-coils to symmetric oligomeric protein folds ([Figure 4](#ijms-21-03584-f004){ref-type="fig"}d). A C~3~-symmetric trimeric protein esterase was fused to a tetrameric coiled-coil that directed assembly of well-defined octahedral nanostructure \[[@B37-ijms-21-03584]\]. Short flexible linkers with optimized lengths of three or four amino acids were placed between coiled-coils and esterase. Besides, tetrahedral \[[@B71-ijms-21-03584]\] or icosahedral nanostructures \[[@B44-ijms-21-03584]\] were assembled by fusion of the symmetric esterase to trimeric or pentameric coiled-coils.

3.3. Origami Nanostructures {#sec3dot3-ijms-21-03584}
---------------------------

The concept of macromolecular origami to create well-defined nanostructures was first realized using DNA. The DNA origami, which refers to a method that folds and assembles DNA fragments into nanostructures, has shown a stunning success in the fabrication of nanoarchitectures in highly customizable shapes and dimensions \[[@B72-ijms-21-03584]\]. The exceptional designability and robustness of the DNA origami are based on the straightforward and highly specific association of complementary DNA fragments. Like DNA, coiled-coils present relatively well-established sequence-to-structure relationships as well as designable interaction specificity and affinity. It is distinct from the characteristics of other protein motifs or domains, which are involved in complicated and cooperative protein--protein interactions in general. These unique characteristics of coiled-coils have been exploited toward straightforward programming of well-defined nanostructure assembly, which is termed CCPO \[[@B73-ijms-21-03584]\].

The methods of CCPO are based on the rationale that orthogonal interactions of individual coiled-coils can be modularly combined for programming interactions of recombinant fusion proteins ([Figure 5](#ijms-21-03584-f005){ref-type="fig"}). Systematic ordering of coiled-coils within a fusion protein chain controls the topology and folding/assembly pathways of desired, well-defined nanostructures. The first-generation of CCPO nanostructures was developed by the Jerala group \[[@B32-ijms-21-03584]\]. This method is based on connecting orthogonal dimeric coiled-coils into a single-chain polypeptide. Coiled-coils were arranged in a topology of a polyhedron, which was folded by orthogonal dimerization of individual coiled-coil pairs guided folding a polyhedron. In particular, a single-chain polypeptide that comprised 12 concatenated coiled-coils was folded into a tetrahedron \[[@B32-ijms-21-03584]\]. A short and non-structured flexible linker was placed between hetero- and homodimeric coiled-coils. Upon folding, the coiled-coil pairs formed six different rod-like edges that were linked into a tetrahedron with a cavity at the core.

Refolding the tetrahedron, the first design of CCPO nanostructure, was slow at nanomolar protein concentrations due to a low solubility \[[@B32-ijms-21-03584]\]. This issue limits CCPO processes under physiological conditions. For this reason, orthogonal coiled-coil modules were modified to be supercharged. The rationale was that modifications to decrease coiled-coil stability, without compromised binding specificity, could avoid possible misfolding \[[@B33-ijms-21-03584]\]. The residues at the positions *b*, *c*, and *f* (illustrated in [Figure 1](#ijms-21-03584-f001){ref-type="fig"}a) can change coiled-coil stability while the orthogonal affinity of a coiled-coil set is not affected \[[@B23-ijms-21-03584]\]. Negatively charged residues were introduced at these positions to decrease the stability of coiled-coils. Using the supercharged coiled-coil modules, a single-chain coiled-coil fusion protein that comprised parallel and antiparallel modules was designed into a tetrahedral topology ([Figure 5](#ijms-21-03584-f005){ref-type="fig"}a) \[[@B33-ijms-21-03584]\]. The tetrahedrons were expressed in bacteria and produced as soluble proteins. Folding of the tetrahedron was also achieved in mammalian cells or mice, demonstrating biocompatibility as well as a strong potential for drug delivery and vaccine applications.

In the single-chain CCPO, all dimeric coiled-coils should be arranged systematically to connect coiled-coil edges in vertices that are linked into a polyhedral structure. An overview of the design principles of the single-chain CCPO is provided in a recent review \[[@B73-ijms-21-03584]\]. Briefly, once a polyhedral target structure is selected, a double Eulerian path is constructed. A linear chain is created from this circular path by selecting an optimal segment order with a low total contact order (TCO) from possible circular permutations. TCO is a scoring parameter that reflects the average distance between paring segments, and a lower TCO increases the design success rate. Next, orthogonal coiled-coils are linked into a polypeptide chain, according to the selected segment order. These steps for a single-chain CCPO design was integrated into a computational design platform, CoCoPOD (<https://github.com/NIC-SBI/CC_protein_origami>) \[[@B33-ijms-21-03584]\]. This platform can be used to design a CCPO cage structure as well as to build an atomistic structure model. For example, a rectangular pyramid and triangular prism nanostructures were constructed using CoCoPOD ([Figure 5](#ijms-21-03584-f005){ref-type="fig"}b) \[[@B33-ijms-21-03584]\]. A single-chain fusion protein linking six parallel and two antiparallel coiled-coils pairs (16 modules) were designed and folded into a four-sided pyramid. A triangular prism was also designed by constructing a chain that contained six parallel and three antiparallel coiled-coil pairs (18 modules). These two CCPO nanostructures were expressed in bacteria and produced as soluble proteins.

A different CCPO method based on multiple chains was developed by the Keating group and co-workers recently \[[@B30-ijms-21-03584]\]. This method is used to design multiple chains of fusion proteins that link orthogonally interacting coiled-coils. While the single-chain CCPO method constrains multiple coiled-coil interactions within a single-chain, this multi-chain CCPO method arranges coiled-coils to design and program precise interchain interactions. This approach was used to program assembly of a triangular nanostructure, which was achieved by designing three protein chains out of coiled-coils ([Figure 5](#ijms-21-03584-f005){ref-type="fig"}c) \[[@B30-ijms-21-03584]\]. Computationally designed synthetic heterodimeric coiled-coils, named SYNZIPs \[[@B16-ijms-21-03584],[@B17-ijms-21-03584]\], were linked into three separate fusion proteins. When the three linked-SYNZIP fusion proteins were mixed and annealed, orthogonal dimerization of the SYNZIP pairs mediated assembly of a heterotrimeric, triangular protein nanostructure. The programmed association of the linked-SYNZIPs was confirmed by gel electrophoresis in native conditions, followed by secondary structure analysis using circular dichroism spectroscopy. Structural features at the nanometer scale or the atomic level were characterized using the AFM and SAXS, respectively. In a similar way, triangular and square shapes were designed using fusion proteins that linked a single-type heterodimeric coiled-coil \[[@B31-ijms-21-03584]\]. To avoid repeated assembly into unbounded structures such as fibers or bulk phases, the length of linkers between linked coiled-coils was varied for limiting the angle range between coiled-coil edges, resulting in combining 3 or 4 subunits ([Figure 3](#ijms-21-03584-f003){ref-type="fig"}).

The multi-chain CCPO is relatively straightforward as well as flexible for the design and production of protein nanostructures. First, topologies for a target nanostructure can be simply generated by linking fragments that form rod-like coiled-coil edges. Two chains are placed on each edge with a consideration of a range of possible ways to link the edges. For example, topologies that contain one, two, or three chains were possible to create a triangular nanostructure ([Figure 5](#ijms-21-03584-f005){ref-type="fig"}d). For the selected three-chain topology, SYNZIP modules were arranged into the selected topology, followed by choosing a candidate design out of a total of 16 possible designs \[[@B30-ijms-21-03584]\]. The selection of a promising design candidate was made by eliminating design candidates containing building blocks that might form undesired competing structures such as homodimers or heterodimers of linked-SYNZIP subunits. Second, such undesired competing byproducts can be reduced by adjusting annealing protocols or removed by size-exclusion chromatography (SEC). In the design of a triangle, the formation of a homodimer of linked SYNZIPs was reduced by changing the molar ratio of the subunits or changing the cooling rate during thermal annealing. After annealing, triangles were separated from mixtures of undesired byproducts by SEC \[[@B30-ijms-21-03584]\].

The use of multiple chains for a CCPO design provides great potential towards improved design capabilities. While a single-chain CCPO topology requires to satisfy the double Eulerian path \[[@B73-ijms-21-03584]\], the use of multiple chains for CCPO avoids such constraints and enables the generation of various possible topologies ([Figure 5](#ijms-21-03584-f005){ref-type="fig"}d). This advantage can potentially improve the designability toward more complex CCPO nanostructures than polyhedrons or polygons. However, some essential improvements need to be made. First, the angles at each vertex should be precisely controlled to assemble desired shapes. For example, the shape of polygonal nanostructures composed of more than three edges can be distorted without using angle-controlling linkers. Conformational constraints by placing disulfide bonds \[[@B36-ijms-21-03584]\] or short linkers showed promises \[[@B31-ijms-21-03584]\]. Also, engineering rigid linkers with well-defined angles will improve the designability. Second, more sets of orthogonally interacting coiled-coils are needed. More fundamental knowledge and datasets on coiled-coil specificity and stability will enable the de novo design of larger sets of orthogonal coiled-coils. Lastly, fundamentals on cooperative interactions between many chains as well as controllable folding pathways will enable the effective design of complex topologies using many coiled-coil chains.

4. Conclusions and Future Directions {#sec4-ijms-21-03584}
====================================

In this review, I have discussed the strategies to use coiled-coils as modules that assemble a variety of protein nanostructures with distinct structural features, which include networks, fibers, tubes, ordered arrays, cages, vesicles, polyhedrons, and polygons. The advances in coiled-coil protein nanostructures have shown great promise for the fabrication of biocompatible nanomaterials with tunable structural features. I expect that the modular and rational design enabled by coiled-coils will play a critical role in the development of more complex, well-defined, and functional nanomaterials.

A factor to consider for further improvement of nanostructure design is stability. Many of the nanostructures discussed in this review were stable, confirmed by structure characterizations or tolerance to genetic fusion with larger protein domains. The CCPO polyhedrons and triangle were stable for at least weeks at 4 °C, which was similar to the stability of natural proteins \[[@B30-ijms-21-03584],[@B33-ijms-21-03584]\]. The cages \[[@B42-ijms-21-03584]\], vesicles \[[@B38-ijms-21-03584]\], or polyhedrons \[[@B45-ijms-21-03584]\] tolerated several proteins fused to the coiled-coils within the assemblies. Nonetheless, the robustness of coiled-coils can be attenuated by variation of coiled-coils, depending on how they are modified or engineered for nanostructure assembly. For example, when connected to other protein components, even well-designed stable coiled-coils had unexpected changes in the oligomerization state \[[@B74-ijms-21-03584]\]. Also, a helix-to-sheet structural transformation of the fiber-forming coiled-coil peptides was observed unanticipatedly \[[@B54-ijms-21-03584]\]. In applications, such information on the stability of nanostructures is critical. Therefore, more studies on parameters that can affect the stability of coiled-coils within the assembled nanostructures are needed. It will provide the foundation for the development of applications.

While biodegradability and biocompatibility of protein materials hold potential for biomedical applications \[[@B75-ijms-21-03584]\], functionality is also likely to be an essential factor to consider. An immediate challenge is to improve the design capability to control material properties as well as functionalities toward specific applications. For example, structural features at the nanometer scale can be engineered to modulate molecular transport \[[@B76-ijms-21-03584]\], biocatalysis \[[@B77-ijms-21-03584],[@B78-ijms-21-03584]\], ligand--receptor interactions \[[@B79-ijms-21-03584]\], biomechanics \[[@B80-ijms-21-03584]\], and cellular internalization \[[@B61-ijms-21-03584]\] or localization \[[@B81-ijms-21-03584]\]. To date, the modular addition of functionalities to coiled-coil nanostructures have been achieved by the genetic fusion of functional protein domains \[[@B38-ijms-21-03584],[@B42-ijms-21-03584],[@B82-ijms-21-03584]\]. Beyond this, correlations between nanoscale features, functional efficacy, and structural stability will be desired for the systematic design of functional protein nanomaterials using coiled-coils.
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![Structure and interface of a dimeric coiled-coil; (**a**) A helical wheel diagram that presents amino acid residues located at the characteristic positions labeled *abcdefg*. Their interactions at the interface are indicated by arrows; (**b**) Top (left) and side view images (right) of the backbone structure. The structural model was generated using CCBuilder 2.0 \[[@B11-ijms-21-03584]\].](ijms-21-03584-g001){#ijms-21-03584-f001}

![Modular design principles of coiled-coil-based protein building blocks. Building blocks are designed through variations of a coiled-coil peptide, which include genetic fusion, chemical conjugation, and sequence modification. In the genetic fusion approach, coiled-coils are linked with or without orientational controls. They are also combined into fusion proteins for origami or fused to other domains. Association contacts on each building block are indicated by arrows (gray). The types of resulting supramolecular nanostructures are indicated in the boxes, and more details are summarized in [Table 1](#ijms-21-03584-t001){ref-type="table"}.](ijms-21-03584-g002){#ijms-21-03584-f002}

![Self-assembly of unbounded nanostructures. (**a**) Formation of networks using coiled-coil fusion proteins with a flexible linker \[[@B46-ijms-21-03584],[@B47-ijms-21-03584]\]; (**b**) assembly and co-directional alignment of coiled-coil building blocks, followed by longitudinal growth into fibers \[[@B26-ijms-21-03584],[@B27-ijms-21-03584]\] or tubes \[[@B28-ijms-21-03584]\]; (**c**) lamellar-ordered arrays assembled from protein-polymer conjugates \[[@B39-ijms-21-03584]\]. Directions of the unbounded growth are indicated by arrows.](ijms-21-03584-g003){#ijms-21-03584-f003}

![Self-assembly of discrete nanoparticles. (**a**) self-assembled cage-like particles (SAGEs) \[[@B35-ijms-21-03584]\] and (**b**) vesicles \[[@B38-ijms-21-03584]\] are the hollow spheres into which curved lamellar of laterally assembled coiled-coil building blocks are closed; (**c**) a dodecahedron built from the self-assembling peptide nanoparticle (SAPN) system \[[@B36-ijms-21-03584]\] and (**d**) octahedron designed by fusion of coiled-coils to symmetric oligomeric protein folds \[[@B37-ijms-21-03584]\]. These polyhedral nanoparticles are formed by the symmetry-directed assembly.](ijms-21-03584-g004){#ijms-21-03584-f004}

![The coiled-coil protein origami (CCPO) nanostructures. (**a**) A single-chain CCPO fusion protein construct (left) and the structural model of the folded tetrahedron (right) \[[@B73-ijms-21-03584]\]; parallel (gray) and antiparallel (black) coiled-coil dimerization interactions are indicated by the arrows; (**b**) structural models of the four-sided pyramid tetrahedron (left) and triangular prism (right) designed by the single-chain CCPO \[[@B73-ijms-21-03584]\]; (**c**) the multi-chain CCPO fusion protein constructs (left) and structural models of the assembled triangle (right) \[[@B30-ijms-21-03584]\]; (**d**) possible triangular topologies are composed of a single chain, two chains, and three chains, respectively. A three-chain topology was chosen for the design of a triangular nanostructure in panel (**c**). The structural models in panels (**a**), (**b**), and (**c**) were from best fits to the SAXS data \[[@B30-ijms-21-03584],[@B33-ijms-21-03584]\].](ijms-21-03584-g005){#ijms-21-03584-f005}

ijms-21-03584-t001_Table 1

###### 

Representative protein nanostructures assembled from coiled-coil-based building blocks.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Category                   Type                     Length Scale ^1^                  Design Strategy                                                      References
  -------------------------- ------------------------ --------------------------------- -------------------------------------------------------------------- --------------------------------------------------------------------
  Unbounded nanostructures   Network                  \~500 nm\                         Coiled-coil fusion\                                                  \[[@B46-ijms-21-03584],[@B47-ijms-21-03584],[@B48-ijms-21-03584]\]
                                                      \~50--100 nm                      Modification                                                         

  Fiber                      \~50--100 nm             Coiled-coil fusion/Modification   \[[@B26-ijms-21-03584],[@B27-ijms-21-03584]\]                        

  Tube                       \~3--100 nm              Modification                      \[[@B28-ijms-21-03584],[@B49-ijms-21-03584]\]                        

  Ordered array              \~25 nm                  Fusion to other domains           \[[@B39-ijms-21-03584]\]                                             

  Discrete nanoparticles     Cage                     \~100 nm                          Coiled-coil conjugation                                              \[[@B35-ijms-21-03584]\]

  Vesicle                    \~1--2 µm                Fusion to other domains           \[[@B38-ijms-21-03584]\]                                             

  Polyhedron                 \~16--24 nm\~18--25 nm   Coiled-coil fusion\               \[[@B36-ijms-21-03584],[@B37-ijms-21-03584],[@B44-ijms-21-03584]\]   
                                                      Fusion to other domains                                                                                

  Origami nanostructures     Polyhedron               \~5--10 nm                        Single-chain CCPO                                                    \[[@B32-ijms-21-03584],[@B33-ijms-21-03584]\]

  Polygon                    \~5--10 nm               Multi-chain CCPO                  \[[@B30-ijms-21-03584],[@B31-ijms-21-03584]\]                        
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^1^ The length scale indicates the characteristic dimension of each protein nanostructure: the thickness of networks, fibers or tubes, the domain spacing of ordered arrays, and the diameter of cages, vesicles, polyhedrons, or polygons.
